The problem of the length of time for which the red cell normally survives in the circulation has been investigated for many years by a great variety of methods and the literature on this subject is enormous. Much of it has been reviewed by Robscheit-Robbins (1929), Isaacs (1937), Schiodt (1938b) and by Dekkers (1939 
, Isaacs (1937) , Schiodt (1938b) and by Dekkers (1939) . Study of these reviews reveals a remarkable diversity of estimates, the time allotted by different authors varying from ten to two hundred days in one species of experimental animal and a life span of as much as a year having been suggested by one observer in the case of the erythrocyte in man. The results of many investigations involve the acceptance of a purely hypothetical mechanism for the formation and destruction of red cells here will be discussed only those which have a direct relation with the present mivestigation.
Hunter noticed that the time required for the blood to return to normal after bleeding is almost exactly the same as that required for the removal of excess blood corpuscles in artificial plethora. ' This similanrty in the results is probably more than a mere coincidence, and can only be explained by assuming that after loss of blood the return to the normal is effected partly by increased formation, but mainly through a diminished de- struction of blood corpuscles: and the time taken for complete restoration probably thus represents approximately the average duration of life of newlyformed red corpuscles.' Boycott and Douglas (1910) were the first to approach the problem by making a thorough investigation of the rate of blood regeneration and their experiments are of particular interest for the total haemoglobin was estimated by the CO-method in their animals. They found that rabbits bled to about two-fifths of their total haemoglobin regenerate their loss at a regular rate of about 0-3 c.c. oxygen capacity per day. 'If P=the normal daily production to make good D, the normal daily loss, and p=the excess production in response to the haemorrhage then P p -3/5 D =0 3 c.c.; assuming that P is still equal to D, 2/5 P -p =0-3 c.c., from which we can get a definite outside * Part XII appeared in the March 1943 issue: Part XIV will appear in the September issue. References will be given at end of Part XIV.
limit that P or D cannot be greater than 0-75 c.c.
per day.' The assumption made in this calculation, that the destruction after haemorrhage decreases in proportion to the diminution of haemoglobin is not correct, however, as will be shown later. Schiodt (1937) 
(in millions).' ARCHIVES OF DISEASE IN CHILDHOOD
There are, however, a number of observations in the literature which are hard to bring into accord with Schiodt's simple conception and Schiodt himself in a later paper (1938b) was less decided on the mechanism of blood regeneration. Thus the time of repair is not independent of the amount of blood lost. Hfihnerfauth (1879) and Lyon (1881) found that in dogs a blood loss of 4-42-4-5 per cent. of the body weight was repaired in thirty-one to thirtyfour days, a loss of 3-58-4-27 per cent. of body weight in nineteen to twenty-five days, and of 1-14-2-86 per cent. in seven to fourteen days. In man the blood count became normal after small losses of blood in two to five days, after a haemorrhage of medium degree (1-3 per cent. of body weight) in five to fourteen days and after large losses (about 4 per cent. of body weight) in fourteen to thirty days. Boycott and Douglas (1909a) . The error in the photoelectric method due to the extinction by the brown pigment in the spectral region of filter 540 is negligible.
The results are recorded in tables 1-6 and in charts I-VI. The charts show the figures for haemoglobin in gm. per cent. and the reticulocyte concentration in 10,000 per c.mm.
It will be seen that the time interval between the lowest and highest haemoglobin level was 12, 13, 19 and 23 days respectively for the four rabbits, 13 and 16 days respectively for the two guinea pigs. The points representing the haemoglobin levels during the recovery from phenylhydrazine anaemia lie on a practically straight line for the rabbits 15 and 17 and for the guinea pigs, whereas in rabbits 18 and 20 a distinct decrease in the speed of recovery will be noticed. For a detailed analysis of the regeneration the following figures are given in tables 1-6 (p. 70). In column 2 the daily regeneration of haemoglobin ( =intake) per 100 c.c. blood is noted for the two-or three-day periods indicated in column 1. This figure is calculated by taking the arithmetic mean of two subsequent reticulocyte counts (in per cent.), dividing by 100 and multiplying by 24 over the maturation time in hours. The maturation time was determined during the period of high reticulocyte counts for rabbits both in vitro and in vivo, for guinea pigs in vitro only. These figures, which were 10 hours for rabbits and 8 hours for guinea pigs, were used for the whole experimental period. The regeneration per 100 c.c. blood is therefore given by the formula Hbx x 2-4 for 100 Hb x R rabbits and HORx 3 for guinea pigs, where Hb 100 is haemoglobin in gm. per cent. and R the reticulocyte count per cent. of red cells. If this figure be multiplied by the blood volume in decilitres the total daily intake of haemoglobin is obtained. Taking the midpoint between two counts not only is the average of a continually changing regeneration approached but errors in haemoglobin determinations and reticulocyte counts are also minimized. In the third column the actual rise or fall of haemoglobin in gm. per 100 c.c. observed in the corresponding period is given. If the drop be added and the rise subtracted from the regeneration figure the destruction of haemoglobin in gm. per 100 c.c. blood is obtained (column 4). The regeneration has been also calculated on the basis of a hypothetical maturation time of twenty-four hours and the figures for destruction thus obtained are given in column 4 in brackets. This calculation gives a new support to the conclusions on the maturation time reached in the previous paper (part XII). It is obvious that the lowest possible limit for haemoglobin destruction is 0, it can never have a negative sign. Arrows indicate subcutaneous injections of pheny1hydrazine hydrochloride.
EMOMR PNMME"PMEI "MM" "a=="rmm|rmmm" l -fImm=mq "MIMMI! TI==="rm = P. 25-28.10.40 28-30.10.40 30.10-1.11.40 1-4.11.40 4-6.11.40 6-8.11.40 8-11.11.40 11-13.11.40 13-15.11.40 15-19.11.40 19-21.11.40 21-25.11.40 25-27.11.40 27-29.11.40 29.11-2.12 in tables 1-6 shows that when a maturation time of 24 hours is assumed 44 such impossible figures occur and that even with a maturation time of 10 and 8 hours respectively a few figures with a negative sign are obtained. This suggests that the maturation time determined during the period of high reticulocyte counts is somewhat too long for the period of normal or low reticulocyte counts.
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For the study of the kinetics of haemoglobin regeneration summation curves have been constructed (charts VII-XI). In these charts the time in days (for the period under consideration) is plotted against the total haemoglobin intake up to the time (t); 'XR / 2-4 for rabbits and Such a curve is a real ' haemoglobin intake curve and represents the changes in the haemoglobin level which would occur in the absence of cell destruction. The shape of the curves is characteristic and indicates that the 'master reaction' (Robertson) determining the blood regeneration and haemoglobin intake under these experimental conditions is an autocatalyzed reversible reaction. Mention has been made in the previous paper (part XIH) that according to Robertson this is the fundamental reaction for growth and cellular multiplication. The validity of this law for blood regeneration during the reticulocyte response in pernicious anaemia treated with liver extract has been proved by the brilliant work of Riddle (1930 shape of the curse. The agreement indicates that in phenylhydrazine anaemia the mass of erythrocytes (and therefore haemoglobin) liberated from the bone marrow is absolutely determined by the law of nuclear synthesis, that is by the multiplication of nucleated R.B.C. in the bone marrow. No delay was detected in the development of the regenerative response. This finding is strongly against there being any toxic action of phenylhydrazine on the bone marrow as was assumed from cytological findings by Price Jones (1911-12) . These findings may rather be interpreted as indicating increased and precipitate erythropoiesis for macro-blasts and proerythroblasts (Price Jones's megaloblasts and metrocytes *) are commonly found in the bone marrow of congenital acholuric jaundice and Istomanowa (1926) found signs of great activity in the bone marrow in pyrodin (acetyl phenylhydrazine) intoxication. Evensen (1938) Haemoglobin intake calculated from the formula: log x =0-0215 13-27(t 6-47). growth-curve of man with its two or three periods of accelerated growth as reproduced by Robertson (1923) and by Brock (1932) . The rise in haemoglobin and erythrocytes during recovery from anaemia, however, is determined by a second factor besides the release of R.B.C. from group.bmj.com on July 7, 2017 -Published by http://adc.bmj.com/ Downloaded from the bone marrow, namely the destruction of circulating cells. Chart XVII shows that periods may occur when the haemoglobin intake takes a course corresponding with that after a single stimulus with perfect agreement with the curve of autocatalyzed reactions and the haemoglobin levels show only irregular and independent variations. It is not correct to call a curve representing the rise in haemoglobin or erythrocytes a regeneration curve and in this paper it will be called a curve of repair or recovery. The interplay of the two factors, formation and destruction, results in such variations of the curve of repair as have been mentioned above and this curve may show not the slightest resemblance to a curve of autocatalyzed reversible reactions. Theoretically repair is possible without a change in the regeneration if a reduction of the destruction rate occurs; there is, however, no evidence for such an event. What part is really played by the factor of reduced destruction can only be determined if curves of regeneration or intake are compared with those of repair and figures for intake with those of destruction. The figure for haemoglobin destruction per 100 c.c. circulating blood are given in column 4 of tables 1-6. The normal haemoglobin destruction, which equals the normal intake, has been calculated from the formula for daily haemoglobin intake Hb R2-4 on the basis of forty counts on twenty-one rabbits. The mean daily haemoglobin destruction per 100 c.c. blood has thus been found to be 0-676 gm. haemoglobin daily with a standard deviation of 0-254 gm. The corresponding figures for guinea pigs calculated from twenty-five counts on seven animals were 0625 and 0-398 respectively. It will be seen from the figures for the standard deviation that the normal variation is very high, the coefficient of variation being 37-6 per cent. for rabbits and 63-5 per cent. for guinea pigs. This makes it impossible to decide by means of statistical rules whether a reduction in the destruction quota is significant or not and an ,7. arbitrary description of the reduction as being marked or slight is all that is possible.
In charts XVIII and XIX regeneration or haemoglobin intake curves can be compared with those of repair for phenylhydrazine anaemia and for haemorrhagic anaemia. From study of these curves and comparison of the figures in column 4 of tables 1-6 and column 5 in table 7 with the normal haemoglobin destruction it will be seen that during the early stage of recovery from both phenylhydrazine anaemia and post-haemorrhagic anaemia the destruction of R.B.C. is considerably increased. The rise in haemoglobin therefore at this time is due only to excess formation. In Difficulty also arises in determining the time of repair. In phenylhydrazine anaemia, and in anaemia from bleeding as well, a haemoglobin level is often reached higher than the pre-experimental one while in other cases under identical experimental conditions the recovery comes to a standstill at a lower haemoglobin level than was present at the start. How few conclusions can be drawn from the time of repair and how complicated is the final mechanism of repair is particularly evident from experiments where the regeneration took place with a damaged bone marrow. Thus in the experiments of Gottlebe and Skibbe (1936) anaemia was produced by saponin or saponin plus electro-collargol. Whenever injections were stopped there was a sharp rise in the red cell count for a few days, but afterwards it remained constant for about two weeks and the total time of repair was some sixty to seventy days. Liver extract injected during the period of constant R.B.C. level resulted in a reticulocyte response and a rise in the number of erythrocytes but, after a few days, the count returned to its previous figure and the total time of repair was not shortened.
The interplay of increased destruction and formation results in many experiments, for reasons which it does not seem possible to explain, in a duration of the time of repair which corresponds closely to the life span of erythrocytes as determined by more reliable mnethods. Thus the time of repair from phenylhydrazine anaemia in the rabbit was 12, 13, 19 and 23 days respectively, an average of 16-7 days, whereas the life span calculated from the average reticulocyte count of 2-7 per cent. and a maturation time of 10 hours is 15-6 days. The time of repair after intestinal bleeding in Schiodt's observations in man was 33 days and in simple anaemia with optimal treatment (Gram, 1936) 33-40 days as compared with the 42 days we have calculated from the average reticulocyte count (0-7 per cent.) and maturation time (seven hours).
Various mechanisms of blood destruction have been assumed hypothetically by authors who have tried to estimate the duration oflife ofthe erythrocyte by determining the time of recovery from experimental plethora. Boycott and Douglas (1909a) in three experiments found that rabbits' blood transfused into rabbits disappeared at an average daily rate of 0-441 c.c. oxygen capacity. ' This perhaps represents the rate of normal decay, and consequently of normal regeneration, the average " life " of a red cell being about 25 days.' This involves the assumption that the absolute figure for haemoglobin wastage remains unchanged in experimental plethora while the haemoglobin intake ceases. Escobar and Baldwin (1933) on the other hand produced experimental plethora in rabbits by exposure to low oxygen pressure for two to fourteen days and considered the time necessary to dispose of the excess of R.B.C. after return to atmospheric pressure as identical with the longevity of erythrocytes (eventually they added one half of the number of days constituting the period of low oxygen pressure). Here the assumption is either that the regeneration remains unchanged while the destruction increases in proportion to the highest degree of polycythaemia produced and that the destruction of R.B.C. is determined by their age, or that the destruction is proportional to the density of the erythrocyte population present at any time of the experiment and that the longevity of red cells therefore changes with the decrease in the number of erythrocytes. In the first case the decrease would be linear: in the second a parabolic one (cf. Schiodt, 1938b) . Actually Escobar and Baldwin found a linear decrease after short exposure to low oxygen pressure and after long exposure a rapid drop in the first three days followed by a slower fall. Many papers have been published on the subject of blood changes due to low oxygen pressure. Most of these investigations were not carried out with the aim of determining the life span of R.B.C. and in none of the papers are figures for reticulocytes given after return to atmospheric pressure. In the experiments of Krumbhaar and Chanutin (1922) on plethora after transfusion the destruction was certainly increased more than was proportional to the increase in total circulating haemoglobin as can be concluded from the figures for urobilin excretion; moreover experiments on plethora after transfusion are complicated by the occurrence of 'plethoric anaemia ' (0. Robertson, 1917; Krumbhaar and Chanutin, 1922; Tyler and Baldwin, 1934) (1926) , though they have escaped the attention of these authors.
In charts I-VI, figures for haemoglobin in gm. per cent. and for reticulocytes in ten thousands per c.mm. for four rabbits and two guinea pigs are graphically represented. * The reticulocyte curves show not only high peaks but also a series of smaller peaks the significance of which appears dubious. There are, however, several distinct peaks between which the reticulocyte counts show but little variation. Such peaks were seen in rabbit 15 on 3 Oct., and on 25 Oct., 1940; in rabbit no. 17 on 7 Aug. and 23 Aug. and on 6 Sept.; in rabbit no. 18 on 7 and 24 Aug., on 16 Sept., on 6 and 18 Oct., and in rabbit no. 20 on the 27 Sept. and 16 Oct. The time intervals are 22, 16, 14, 17, 23, 20, 12 and 19 days respectively, the average being 17-9 days. It is not perfectly correct, however, to take the time between two reticulocyte peaks as corresponding to the life span of R.B.C., rather is it the time between a reticulocyte peak when many new erythrocytes have entered the circulation and the next drop in R.B.C. and haemoglobin. Such' spontaneous falls' have been observed more or less distinctly in all four rabbits occurring either on the same day as the reticulocyte response or preceding it by two to seven days. If this correction be taken into account the time intervals are 17, 17, 17, 16, 16, 10 and 16 days respectively with an average of 15-6 days. These times are in good agreement with that between the first and second fall of haemoglobin in the experiments of Schulten (1930) and are identical with the figure calculated from the maturation experiments. It is impossible to explain the difference from the results of Eaton and Damren (1930a and b) who found a time interval of eight days between two peaks. The assumption that their animals had erythrocytes of shorter longevity due to racial or environmental differences is not acceptable, for the pre-experimental reticulocyte count in their animals was rather lower than in the present series. It must, however, be realized that the figures here given do not represent the red cell's longevity for perfectly normal rabbits, for most hutch rabbits suffer to some extent from cage anaemia. It would certainly be incorrect to disregard the smaller falls of haemoglobin and reticulocyte peaks occurring during this period of 55 to 60 days, for a drop in haemoglobin of the same magnitude was seen in rabbit 15 twenty-two days after the last phenylhydrazine injection. The following consideration may explain these findings: Rous and Robertson (1917a and b) have shown that, in experimental anaemia brought about by bleeding, large numbers of corpuscles of soft, jelly-like consistence appear in the circulation, many of them soon breaking down into fragments. These fragments tend to accumulate in the spleen but may be encountered else,where as well. They stress the fact that in anaemia following haemorrhage 'the marrow must not only make up an initial blood lack, but while doing so must repair constant fresh losses due to the poor quality of cells put forth.' It appears probable that such erythrccytes of inferior quality are also formed in phenylhydrazine anaemia and the finding of increased destruction during recovery is consistent with this assumpticn. These erythrocytes are apparently destroyed indiscriminately, only some R.B.C. surxiving a normal length of time. Variations in the percentage of such R.B.C. w culd explain not only the irregular, wave-like course of the reticulccvte count without definite peaks in the first experimental period of rabbit 15 but also the conspicuously severe falls in haemoglobin and reticulocyte responses in later periods.
The findings in guinea pig 21 differ quantitatively only from those in rabbits. The first reticulocyte peak is followed by a drop in haemoglobin between fourteen and twenty-one days later which results in a new reticulocyte peak. Fourteen days after this peak a new fall in haemoglobin starts lasting fifteen days. The time interval between the first and the second reticulocyte peaks is twenty-one days, and that betwveen the second and third twenty-nine days. If the interval between the reticulocyte peaks and the mid point of the haemoglobin fall is taken into account the figures are 17 5 and 21 days. The average of twenty-five reticulocyte counts in seven normal guinea pigs was 2 02 per cent. which with a maturation time of 8 hours gives 16 6 days as an average life span for R.B.C. of guinea pigs.
In guinea pig 22 the destruction of R.B.C. by phenylhydrazine is followed by a slow recovery interrupted by several falls in the haemoglobin level. Only one of these is followed by a marked rise in the reticulocyte concentration. Thus though the phenylhydrazine injections caused a fall of haemoglobin of the same magnitude in this animal as in guinea pig 21 and a higher reticulocyte response the corresponding periods when numerous R.B.C. may be expected to die and to be replaced by new ones are not evident. Though only one out of six animals behaved in this way the finding is instructive for it indicates that senescence is not the only cause of death of erythrocytes. Observations on the other animals which did not show any reduction of the destruction betw%een two reticulocyte peaks suggested that in all experiments some red cells did succumb as the result of other factors than old age. This may in part be due to the inferior quality in the cells and partly to a hypothetical ability of the organism to destroy red cells in proportion to its need for the derivatives of haemoglobin.
Further evidence of pathological conditions with indiscriminate destruction of R.B.C. will be given in the next article (part XIV).
Summarizing this part of the investigations it can be said that the findings of Eaton and Damren (1930a and b) and Schulten (1930) The distance between two lines corresponds to 25 mgm. stercobilin.
